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ies. Thbs no direct stat~stical co17iparlson was 
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opvctel? l A promoter 13). 
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Interaction of the Thiol-Dependent Weductase 
ERp57 with Nascent G~ycoproteins 

Jason D. Oliver, Fimme J. van der Wal, Neil J. Bulleid, 
Stephen High* 

Calnexin and calreticulin interact specifically with newly synthesized glycoproteins in the 
endoplasmic reticulum (ER) and function as molecular chaperones. The carbohydrate- 
specific interactions between ER components and glycoproteins synthesized in isolated 
canine pancreatic microsomes were analyzed using a cross-linking approach, A car- 
bohydrate-dependent interaction between newly synthesized glycoproteins, the thiol- 
dependent reductase ERp57, and either calnexin or calreticulin was identified. The 
interaction between ERp57 and the newly synthesized glycoproteins required trimming 
of the N-linked oligosaccharide side chain. Thus, it is likely that ERp57 functions as part 
of the glycoprotein-specific quality control machinery operating in the lumen of the ER. 

T h e  lumen of the ER co~l ta i~ l s  a number of 
molecular chaperones that assist in the later 
stages of protein b i o ~ ~ ~ l t h e s i s  and folding 
(1 ,  2) .  A number of studies ha1.e highlight- 
ed s~ecif ic  interactions betn-een 11elvlv svn- , , 

thesized glycoprotelns and the putative 
chaperones calnexin and calreticuli~~ (3-6). 
The binding of calnexin and calreticulin to c7 

newly synthesized proteins is normally char- 
acterized bv a s ~ e c i f ~ c  reuuirement for cor- , 
rectly processed, asparagine-linked (N- 
linked), carbohydrate side chains. In com- 
bination with uridine 5'-diphosphate 
(UDP)-g1ucose:glycoprotein glucosyltrans- 
ferase (71, calnexin and calreticulin are 
thought to mediate a quality control cycle 
for nen.ly synthesized glycoprotei~ls (2 ,  8, 9). 
The f ~ i n c t ~ o n  of thts cvcle is to ensure that 
only correctly folded a h  assembled proteins 
exit the ER and gain access to later compart- 
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lnents of the secretory pathway ( 2 .  12). 
Here, we used model substrates derived 

froin the secretory protein preprolactin 
(PPL) (1 1 )  to determine the effect of N- 
linked glycosylation on the interactions be- 
tween ~lelvly sy~lthesired polypeptides and 
ER proteins. '&/hen the PPL92.CHO tran- 
script \\-as translated in vitro in the presence 
of canine pancreatic microsomes, a glyco- 
sylated 62-amino acid prolactin fragment 
(PL62.CHO) nias generated. In contrast, 
translation of the PPL92.Con transcript 
generated a nonglycosylated 62-amino acid 
fragment (PL62.Con). The interactions be- 
tween both PL6?.CHO and PL62.Con and 
ER components were ana1y:ed with the use 
of the membrane-permeable cross-linking 
reagent succinimidyl 4-(N-maleimido- 
methyl) cyclohexane carboxylate (SMCC),  
a heterobif~~ncttonal reagent that principal- 
ly cross-links lysines to cysteines. Two 
groups of cross-linking partners could be 
identified: ii)  ER proteins that interacted ~, 

with both glycosylated and nonglycosylated 
polypeptides, exemplified by protein disul- 

the last sesson d d  not change AP-I b n d n g  n an:, 
bran region ,when co-npared ,,hlth that in sane  rats 
( 5  71. 
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fide isomerase (PDI) (Ftg. 1A) ;  and (ii) ER 
proteins that interacted only mith glyco- 
sylated polypeptides. Calnexi~l and calre- 
ticulin, which interact principally with gly- 
coproteins, were observed to cross-link to 
PL62.CHO (Fig. 1B) but not to PL62.Con 
(Fig. 1A).  A weaker 160-kD product (Fig. 
IB) presumably represented a ternary cross- 
linking adduct of calnexin, PL62.CHO, and 
a third unidentified component. 

In addition to antisera that recognized cal- 
nexin, calreticulin, and PDI, a number of 
antisera to other ER lulnillal proteins mere 
scree~led for immunoprecipitation of glycosyl- 
ation-dependent (that is, PL62.CHO-specif- 
ic) cross-linking products ( 1 2) .  We were able 
to identify ERpi7 (13), a thiol-dependent 
reductase (14) and putative cysteine protease 
(15), as a strong cross-linking partner of 
PL62.CHO but not of PL62.Con (compare 
Figs. 1A and 1B). This result suggested that, 
like calnexin and calreticulin, ERpi7 inter- 
acts specifically mith glycoproteins. 

When iminunoprecipitation was per- 
formed under "native" conditions (6),  a 
69-kD cross-linking product mas coprecipi- 
tated with both calnexin and calreticulin 
(Fig. IB). This 69-kD product was absent 
when samples mere denatured mith SDS 
before imlnu~loprecipitation (Fig. 1B). The 
glycosylated PL62.CHO product had an ap- 
parent molecular inass of 9 kD (1 1 ), which 
implied that a 60-kD cross-linking partner 
was coprecipitated with the calnexin and 
calret~culin cross-linking products. A similar 
60-kD calnexin-associated protein, denoted 
CAP-60, coprecipitates with adducts of the 
Glut-1 glucose transporter and calnexin (6).  

The 69-kD cross-linking product ob- 
tained with PL62.CHO had a similar tno- 
bility to those obtained with both PDI and 
ERp57 (Fig. IB).  To  establish whether 
CAP-60 mas actually one of these compo- 
nents, we performed sequential immunopre- 
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cipitations. After native immunoprecipita- 
tion, samples were denatured wi th SDS and 
reprecipitated. The 97- and 160-kD cal- 
nexin-derived cross-linking products were 
reprecipitated wi th anti-calnexin serum, 
but CAP-60 was no longer observed and 
could not  be reprecipitated wi th anti-PDI 
serum (Fig. 2A). Likewise, the 71-kD cal- 
reticulin cross-linking product was repre- 
cipitated by the anti-calreticulin serum, but 
n o  products were recognized by anti-PDI 
serum (Fig. 2A). In a control experiment, 
anti-PDI serum worked well in sequential 
immunoprecipitations o f  PDI cross-linking 
products (Fig. 2A). A similar experiment 

showed that the 69-kD cross-linking prod- 
uct. which associated wi th both calnexin 
and calreticulin, was reprecipitated wi th an- 
tibodies specific for ERp57 (Fig. 2B) (16). 
Thus, CAP-60 was in fact ERp57 and in- 
teracted wi th crlvco~roteins in combination - ,  . 
with calnexin and calreticulin. 

T o  investigate further the interaction be- 
tween ERp57 and glycoproteins, we analyzed 
two authentic glycosylated secretory proteins 
(1 7) by cross-linking. Both yeast pro-a factor 
and human interferon-y (IFN-y) were found 
to be cross-linked to ERp57 and calreticulin 
(Fig. 3, B and C). Thus, ERp57 could be 
cross-linked to a variety of glycoproteins. 

Fig. 1. Glycosylation of import- A PPL92.Con 6 PPL92.CHO 
ed polypeptides leads to specif- 
ic interactions with ER proteins. 
PPL92.CHO and PPL92.Con 
mRNAs (1 7) were translated in a 

---- -.. .. .. UHUU = m  
.97 

r -= .69 

wheat germ lysate supplement- -46 
ed with canine pancreatic mi- 
crosomes and [35S]methionine 
(20, 21). The microsomes were 

30 

isolated and incubated with 1 
mM SMCC (79, 22). (A) 
PL62.Con cross-linking prod- 

Calnexin and calreticulin interact pref- 
erentially wi th glycoprotein substrates that 
have been enzymatically processed to  bear 
the monocrlucosvlated form of the N-linked 
carbohydrate side chain (2). T o  determine 
the role of glucose trimming in promoting 
the interaction of glycoproteins wi th 
ERp57, we used castanospermine to  specif- 
ically inhibit the glucosidases responsible 
for this processing (9). The efficacy of the 
castanospermine treatment was established 
by comparing the mobility of the glycopro- 
teins wi th and without the treatment ( 5 ) .  . , 
In each case, castanospermine caused a re- 
duction in the mobility of the glycosylated 
proteins due to the increase in the number 
of glucose residues present o n  the carbohy- 
drate side chain (Fig. 3D). The interactions 
o f  calnexin (Fig. 3A), calreticulin (Fig. 3, A 
to C), and ERp57 (Fig. 3, A to C )  were al l  
substantially inhibited by castanospermine 
treatment. In contrast, cross-linking to PDI 

ucts were immunoprecipitated .I4 B 
before (native) or after (denatur- 

-.-.- 
ing) denaturation with 1 % SDS ', 

qg7 
(6) Affinity-purified anti-ERp57 2 $ 2 $ % 5 2 5 3 @ 8 $ 2::: 2 R  z r  P R B  Q m u 0  0 u m n n o o n  m 

3 -  D 
w ' - E  % gz Co E g g  D (23), a nonrelated control serum 2 0  "7 I v 

g.2. Q i: m 2  rn 
X . h ' "  z . F "  

(NRS), and rabbit antisera (a) = L -. 5 c_ = G -. = G 
3 9 2 3 

-. 

specific for prolactin (PL), cal- 
nexin, calreticulin, and PDI were Native Denaturing Native Denaturing 

" Tig7 
used. (B) PL62.CHO cross-link- & g g % g 6 % g  
ing products were analyzed exactly as above. Samples were resolved by electrophoresis on 12% ?i & g g  g p p g  

'7 Q z g , ; .  .. 
SDS-polyacrylamide gels and visualized with a Fujix BAS-2000 bioimaging system and software. The -. = L -. = 5 -. 
apparent molecular masses of calnexin and calreticulin are 88 and 60 kD, respectively. The prominent 2 2 

97-kD cross-linking product immunoprecipitated by the anti-calnexin serum is a PL62.CHO-calnexin D - CST 
adduct. Stars denote the 71-kD calreticulin cross-linking product, the arrowheads show the CAP60 
product, and the solid circle is a minor 160-kD calnexin-containing adduct. In this and subsequent 30 
figures, molecular size markers (in kilodaltons) are at the sides of lanes. 

A B 
Fig. 2. Identification of a* - , q ' - m ~  

CAP-60 by sequential im- 97. -- - 
i ; -- 6 9  munoprecipitation using 6% t PPL92 CHO PP8r :I. 

c.. . - - -  -69 
PPL92.CHO ~ R N A .  (A) 

97 I- 8' - ' '. 
46 

Fig. 3. The interaction of ERp57 with glycoproteins 
After immunoprecipitation 46- $6 requires trimming of the oligosaccharide side 
with anti-calnexin, anti- chains. mRNAs encoding PPL92.CH0, S. cerevi- 
calreticulin, or anti-PDI 30- -30 siae preprcm factor (PPa), and human IFN--y (7 7) 
sera, samples were dena- 30 were translated in the presence of canine pancre- 
tured with SDS and repre- atic microsomes, and imported polypeptides were 
cipitated with antibodies cross-linked to interacting components with 
specific for calnexin, cal- ,4. , SMCC (22). The glucosidase inhibitor castanosper- 
reticulin, PDI, or the nas- I) - a  -.. & -14 mine (CST) was included at 1 mM during the trans- 
cent chain (PL). Control - .  - g$&gg g?,?,gg o Q  Q Q R  

= 1 i-- lation reaction as indicated (-, no CSTadded). (A to 
lanes show products ob- O o 0-071 2:eor ~ c e o r  Z E E U '  5 % 8 p; 8 $ $ C) Cross-linking products were denatured with 1 % 
tained after the first round - = - -  $: 5 -  5 :  3,- " $ 3  -. X. c 3 g 2 ._ "7 SDS and then analyzed by immunoprecipitation 
of immunoprecipitation. = -. 5 = L 

-. 0 
-. = C -. 

5.- 0 "  " 
2 3 

= C 
3 -. 

with anti-calnexin, anti-calreticulin, or anti-PDI sera 
(B) After immunoprecipi- A or affinity-purified anti-ERp57 (23). (D) Castano- 
tation with anti-calnexin, aCstnexin 

aCelret'icunn aPDl aCa'rehculin spermine treatment inhibits glucose trimming, re- 

anti-calreticulin, and anti- sulting in a reduced mobilrty for each glycoprotein 
PDI sera, samples were examined. The major glycosylated forms of each 
denatured with SDS and reprecipitated with sera specific for calnexin, calreticulin, or PDI, or with polypeptide after trimming are indicated by stars; 
affinity-purified anti-ERp57 (23). Control lanes show products obtained after the first round of the number of stars indicates the number of N- 
immunoprecipitation. The symbols in the lanes have the same meanings as in Fig. 1. linked carbohydrate side chains present (24). 
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\\as citl-ier unaffected (Fig. 3, A and B) or 
only inl-iiblted (5GOil) (Fig. 3C). 

Ti-ins, like cal~lcsii i  and calreticulin. 
ERpSi binding required glucose trinlillirig 
o i  the N-linked carl~ohydratc side cl-iainb. 
LT7c prop~>sc that ERpS7 filnct~ons in corn- 
hha t lon  n.ith ca1llesil-i and calretic~llill as a 
mi3lecular cha1~eroi-ie o i  glycoprotcrn hii>- 
sy~nthesis. \Ye obscrveii a time-dependent 
decrease in the  alllouilt of the  PL61.CHO 
cross-lli-iking 11l.oducts with calncsil-i, calre- 
ticulln, anLi the associateii ERpS7 ( l a ) .  
This silggested that the  interaction hetn.ce1-i 
ERpS7 ai-iii nascent ~l\-coproteills \\-as tran- 
slent, l ~ k c  other molecular chaperone-suli- 
strate ~ n t e r a c t ~ o n s  ( 3 ,  5,  19) .  \Ye bclie1.e a 
specific modulation o i  :l\-coprotel11 tolding 
coulLi be achie\.ed by ci3uyl1nc the  lect111- 
llkc properties o t  calnexin and calret~culin 
(2 )  n l t h  the  t l ~ l o l - ~ i e ~ ~ c n i l e n t  reductase ac- 
tivlty of E R p j i  (14) .  
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chepr; J 268, 777 ( '  690:] 

18 lP:'hen tne a3il t on o i  S24CC to solaied 1-7 crosomes 
\!'/as delayed for ncreasing Iengtg-1s of tme  :;3:, the 
efi~ciency of crossl 'nk~~-g bet\!'/een FL62 C d C  an3 
ER cornsonel-ts decreased. No oss of nascel-t 
PL62.CHO was obsene3 over the same serloc Ti-e 
esi,iiated ,-~alfl ie ior iqe PL62.ChO cross-Inkng 
products has 60 - i n  ior adcl~cts w th  ca -~exn ,  ca -  
, . ~ ~ I C L I  n ,  an3 assocated ERp57 a-13 ,'20 I- in for 
the a3d1~c t  ;dth P 3  

;9. P. Ylapoa 2. E. Freedma-, R. Z,I-,lnerrnalii, &I!- 

,'. S,3c!?et:~. 232, 755 ; I  995,. 
2C 3 .  Stuecer I. crah IT  3 .  Ci~tler 6. 3obcersten H. ~ - 

BLl,ar3 Et\/;BO J 3 3113 1196 i ) .  
21 S. High e i  2 i .  J' Ce'i Boi .  121 7 4  11993:. 
22. Cell-iree transatol- was carr'e3 o ~ t  i~nder  redJc111g 

c o i d t  01-s proten s;nttiess v:as r l i b t e d  by ti le 
ac ld to i  o i  emet Ire to a i i r a  corcentrato- of 2 
1-M, a i d  t'-e men-braies were ' s o a t e  %y eel-trt- 
ugatlon Tlie membral-es he le  res~~spendecl n LS 
bl,-ier 1250 r M  s~~c rose ,  IOCl 1rM KOAc 3 1rM 
'vlg'CAcl,, and 5C ITM Hepes-KCH (pH 7.91,. 
\!'/hcI-~ cermts the oxdation of full- engtl-I sro1act1-. 
ancl the salrples ?$$ere treated \!,/tl-~ p~ romycn for 5 
~ I I - .  SVICC was a3clecl to a ~ I I - a  concentratol- o' ' 
~m'vl from a 50 m24 stock I -  3MSO: sa i i ses  ?$$ere 
ncubate3 f o ~  'C 1'-11- an3 t'iel- q~e l -c l ied  b) aclcl- 

t o n  o i  3 1 voul--1es o i  50 mM 2-niercaptoetliano 
and 5ClO mM g-cne.  All reactol-s idere carred oat 
at the t r a r s a t o i  telrperature of 26'C. 

23 Fiabct antcodes to cat-ne EFc37 we e p ~ . r ~ f e d  
frolr cri~cle ser~lm %) aif I-t) c ~ r ~ - c a t o n  bs ng srote-I 
I-imob~l~zecl on n~trocell~~lose [E. darlow an3 D 
Lane Aplrr!;sc!bes: A ia!;orzrsr;,/ tl/;at;~!zl (Cod  Ssrng 
Harcor Labol atory Cold Sprl-g darbor. NY. 1 986:) 

24 A I ofthe g )cosylated forlrs ncl1cate3 n F I ~  3D v:ere 
senstve to digestiol- v:t'-~ endogycos 3ase ri After 
~ i ipor t  s g  -,a/ seq~rence cleavage ancl glycos)laton. 
tne major forms of PPa and IFN-7 lia3 asparel-t 
molec~llar masses of 26 and 25 kD. respezt\leiy. 

25, Sucpo-ted cy gran:s frolr the IJK 61otecRnoIog~~ 
ancl 61olog1cal Scences Researell Council ( E ~ S R C I .  
tne H~l~r-lan Front er Scence Program 01ganizat 01- 
(HFSPO ancl ti-e L Y  Med~cal 2esearcll COLJI-ell 
S .d ,  is a 56S2C Advat-ced Research Fello\!~/ N J .5  
IS a Ro-a1 Soc~ety Researci- Fel o?$$ We thank C 
?$'aIiasli for assstance \k/i:n cot-s:ri~ct preparat 011 
A delenl-.s an3 n-,el-ibers of I i s  la to  ator, ior a3vice 
an3 reagents. C. St1r111-g for S cere,,.'Is,ae sresrcriv 
fac:or cDNA. J L Holtzman ior ant1-€2p57 ,,321 
serum, at-el severa ottier gl.ouss t i a t  pro\,cIe3 ant - 
sera to €3  crotens 
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Early Onset of Reproductive Function in Normal 
Female Mice Treated with Leptira 

Farid F. Chehab," Khalid Mounzih, Ronghua Lu, Mary E. Lim 

Numerous studies have revealed an association between nutritional status, adiposity, 
and reproductive maturity. The role of leptin, a hormone secreted from adipose tissue, 
in the onset of reproductive function was investigated. Normal prepubertal female mice 
injected with leptin grew at a slower rate than controls as a result of the hormone's 
thinning effects, but they reproduced up to 9 days earlier than controls and showed 
earlier maturation of the reproductive tract. These results suggest that leptin acts as a 
signal triggering puberty, thus supporting the hypothesis that fat accumulation enhances 
maturation of the reproductive tract. 

A link hettvee1-i l.(>Jy tat col-itent a n J  the  i-ial proiiuceii by aiiipose tissue ma\- c ~ > n t r o l  
onset of puberty in fe~llales \\.as first pro- the  onset rel~roiiuctive f ~ ~ ~ l c t i o l - i  i 6 ) .  
~ ~ o s c i i  over 32 years ago ( 1 ,  2 )  hlore re- T h e  ability of leptin, a hormone secreteLl 
cent s t ~ l ~ i i c s  iiocumentii-ig delayed puberty by adipose tissue, to restore festilit\- to 
in  lean fe~llale ballt't dancers ( 3 .  4) and mice that are genetically deticient ill lep- 
accelerated p ~ ~ l ~ e r t y  111 obese females ( 5 )  ti11 (7)  suggchts that  this l ~ c ~ r m o n e   ma\^ he 
s ~ l ~ p ~ 3 r t  the  concept that  n metahi3lic s ~ g -  a sigi-ial triggering the  oi-isct of reprodilc- 

t1vc function. 

Desa-irnent o i  Lacoratory Me3 cne, Ln~:'ersty of C a  for- 
To explore this pi3>sibllity. we ~lljested 

305 Parl-assus Avel-ue Sari Francsco, CA 9 4 1 4 3  hu11I;rII recombnlailt 1eptil-i inti3 l l ~ r m a l  pre- 
C134 IJSA l~ilhertal ternale ~l l icc  and mol-iitored its cir- 
'To ,, .,- ," o m  coressonder-ce shoucl be a3d1essed. culatory levels i x e r  time (8). Leptin had a 
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